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The nature of the bonding in many organometallic systems can be
understood in terms of molecular theoryl and arises essentially
from the interaction of the s,p and d orbitals of the central
metal atom with the 77 orbitals of the conjugated system.,

Thc apnlication of such theory2 to complexes of the type
CoHpMY,, where n = W4-<e8, M 1s 2 transition mctal and Y a ligand
leads to thc prediction of increasing charge transfer from the ring
system to the central metal atom as n increases from 4 to 6 within
isoelectronic complexes. This result fellows from the nature
of the interactions between C Hy, with a ground state a2, o¥,
eg(x = 2eeslt, y = O0==e2) and the metal orbitals under the local
symmetry Dy, (n = 4...); the interactions will bc of the type
(ay Ws/Up), (cy3d/4p), and (R, 3d). The first of these must
lead to charge transfer to the central metal atom since the
+ ,tally-syrmmetric orbital is always filled but the extent of charge
transfer in the other two will depend upon x and y. Thus for a
cyclopentadienyl complexy n = 5, x = 3, y = 0, there will be some
charge transfer to the metal but less than for a bensene complex,
n=6, x =4, y=0, since the ¢; éntcraction in the latter is
betwcen a filled 7 orbital and cmpty metal 3d/4p hydbrids, In
both eascs there will be backedonation from the metal to the
empty €2 orbitals but the dominant factor will be thc difference
in the 8 classs For complexes in which the ligand Y is a carbonyl
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the extent of charze transfer is reflceted in the carbonyl
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stretcehing frequenciesy the greater the negative charge on
the metal atom M, the greater the transfer to the vacant
orbitals of the carbonyl group and h¢nce the lower the C<0
‘stretching frequencey. This is i1llustrated by the sequence3:-

2035, 1953 =m='
1984, 1916

= CsHMn(CO) 5, N

(+ present work)
In this paper we wish to discuss the transmission of

elcctronic effects due to the substituent X in complexes of
the type TT-XC6H5-C1'(CO)3. The nature of this effect will
be first considered in terms of molecular orbital theory
analagous to that of thc introductory discussion. The
theoretical results are then compared with experimental evidence
both from thc carbonyl stretching frequencies and from solvent

effecets upon the same.

Molegular Orbital Thgory

As a1 model for the complex 173X-06H50r(00)3, weE assume

the structure shown in Figure f in which the plane of the
aromatie ring is parallel to the xye-plane containing the
chromium atomy this structure is known to be corrcct for the
unsubstituted compound.

Fig. 1
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The threcc carbonyl groups posscss C3v local symmetry
whilst the aromatic component possesses only C2v local symmetry.
The © -orbitals of the (CO)3 group fall thercfore into the
reoresentation Ay + E whilst the 7¥ orbitals fall into
€\, + 2B,. The symmetry classification of thc interaction of
these orbitals with the central metal s,p and d orbitals in

the above complex is given in Table I

aable I
symrefries of Constituent Orbitals in Complex. __=XC H.Cr(CQ)4
X06H§ Orbitals Metal Orbitals Ligand Orbitals
(4g )
2 1
331 3(3
l‘l ( XZ) C
51y 3dxy
3d
xz-y?
lb2 3dyz

4 quantitative estimate of the above interactions is

glven first by the various group overlap integralsand, secondly
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by the differences in the Coulomb terms of the respcetive
orbitals. These were cvaluated for the nbove system for two
extrenme cases in which (2) X is assumed to be highly electroe

negative, that is an electroneattracting substituent (+E on

Dewar Notation) and (b) X is assumed to be highly electropositive

that is an electron-donating substituent (=E), Thesec cases
were obtained by evaluating thc molecular orbitals for the
molecule Ceﬂsx in which the Coulomb term of thec hetcroatom X
and its resonance integral with an adjacent C (Zp",) orbital
are given by:-

H

+r
XX Hcc nacc

Hox = M3

The paramcters m and n were assigned the values m = :2.0
and n = 1,00, 1,80 which covecr the two extreme type of substit-
ucnt. Thc cocfficients of the 1s50l1ted molecular orbitals were
then obtained by standard procedure. Thce group overlap ine
tograls betwecn these Worbitals and the various metal orbitals
were calculated for the above model in which the Cr - Cy
(8 = lem-=€) distance wns takcn as 2.25“,“ a4 L Cr = X dise
tance 15 3.31%, this latter distance is that caleulated for
the chlorobenzenc coriplcx but sinece thce overlap integrals are

relatively insensitive to small differsnccs in this distance
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thc results are gencrally apolicablc., The chromium atom was
assigned thc configuration 3duh52 and the serecning constants
of the Slater 3d,4%s an¢ 4p orbitals caleculatcd accordingly.

The formulac used for ealeulating the group overlap integrals
were ldentical with those Jerived in earlier papers5 but as an
11lustration we zive bolow the formula for the overlap integral
between a totally - symmctric M- orbital and the UYp, orbital

of chromiun b

S(w 8p) = L[S (3 kc) o'y
_ S, (3 bin) ate ]

where cy is the cocffieivnt of ith carbon ator in the given
molecular orbital and Eﬁ the angle betweecn the 2 akis and the

M - C4 rector. The constitucat overlap intcgrals, viz S(2pg3dg)
S(Zg»3q’), S(2p’§s), S(2pckar) + S(2p”§2") werc obtained by
interpolation from the toblae of Taff‘, Cotton gt 31 and Brown6
respectively, Thc rcsults are given in Table 2, The group
overlap intecgrals Involvine e hpz and 3dz: orbitals werc

found to bc smnll for the sou.lete range o the paramecters

m and n. Thc antiesymuctrie orbitals are ‘ndependent of the
substitucnt and 2o do not contribute to a2ny differcnec in

electronic cffeets in the supstituted syssems. We also give




in Table 2 in parentheses the differcnces in the Coulomb terms
of the 7 orbitals and of the chromium orbitals. The latter

were obtained from spectroscopic data7

and the former by
identifying the first ionization potential of benzene with the
Coulomb term of the highcst filled orbital, H(eje;). The

various terms for the two c¢ascs of substituents werc then obta ned
from the respective roots taking the resonance integral acc

as 2.9 €.V, 5  This procedure does not, of course, give

rcliable absolute values for thesc terms but it should provide

9 rcasontble scnle of values,

Tablc 2
Group Overlap Integrals and Coulomb Torm Piffcrences

moon f(‘y,bs) STy, bpy) “S(W)3d,,) §(V,§dxy 5!1533:2.’2
"+2,0 1y 0,131 0,146 0,092 0,0k -
1.0 (5.8) (8 2) (€.9) (€.5) ]

22,07 11 0,211 0.026 0.01? - -
(+.3) (€.9) (5.0

+2,0 2 0.150 0.119 0.032 - -
Lo 1 (&.25 (.3

-2.0 22, 0.008 0,258 0.2€8 - 0.090

300 (i25) (3.7) (2.7)
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o , Table 2 (contd).
‘mn Ay B(Wle) Y, bpy)

+2,0 1.0 331 - ?31? (()iz ? - | 0009"
| 20 . 0.00 0.02 0.161 -
| 3 7 (283 (=2.0)
+2.0 U, - - . 0.157, -
1.0 2
oy - - - 0.040 0,122
(=4,5) (-h 5)
120 N ) ) T
i 1.0
; 5aq - - - - 0.059
(-605)
:Eio 1 0.136 0,164 0.11 0.0 -
- TG (9.9) 33 o
2,0 1a, 0,20 0.07¢ 0.06;
4.7 (7.2) (5.4
; *2.0 “12&1 00161;1 0.12“‘ 0.112 - -
1.8 (3.6) (6.1) (4.3)
-2.0 23, 0,046 0,248 0.251 - 0.078
- (2.50) (5.0) (3.26)
m *Sﬂ - ° m . [d
L 8o 1 (2.95) (1.20) (1,20)  (1.20
«2,0 3 0.039 ¢.080 0.155 0.0
1 (o.gz (=1.23) (-1, 23) (-1533)
+2,0 5%1 - - - 0.142 0.051
L.60 (=3.30)  (=3.30)
.2 0 ¢ '+ - - - 000 0312
1 - 2y Wi, |
*‘2.0 7 Sa - -» - - '119
1.80 1 (<5.50)
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Takls. 2 (contd)
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Benzene '\' S('y J48) S(“y ,N-pgs) s(y, 36;2) 8(‘\’13615 2)
X2y

X absent 1 (“.23
Cl - 0.2“‘* 0.271
; (6.7) (2.5) -
| - - - 00165
02 ("205)

Consider first the interactions between the filled totally
symmetric 7 orbitals (lay===3ay) of CeligX and the empty sy lipy
and 34,, orbitals of the chromium atom for the two extreme ecases
m = 42,0 and «2.0, In the case of the la, orbital the interace
tions with the Y4p, orbital will bc small in vicw of the large
difference in Coulomb terms. The integral S(lal,hs) is greater
for m = «2,0 than m = + 2,0 whilst the BH valuc is smaller. For
the interaction (la;,3d,,) thc integral is smaller but so is the

BH value, The predominant intcraction is grcater then for

n = «2,0 than m = +2,0, hence grcater charge transfer will occur

from the filled T orbitals to the cmpty metal orbitals, Similar

arguments apply to thc interactions (2a, 4py) and 2a;3d,,)e
However, the reverse conclusion is true in the case of the 3a,
orbital, since here the interactions are grcater and the M

values smaller for m = +2,0 than for m = «2,0, Now consider
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the interaction of the empty 4a, and 5a, orbitals with the
filled 3dyy and 3dx2-y2 chromium orbitals, For both orbitals

the overlap integrals arc greater and the DH values smaller for
m = 42,0 than for m = «2,0., In other words therc will be greater
back-donation from the chromium atom to the empty f =orbitals

of the Céﬁgisystem in the case of m = 42,0 than in m = «2,0,

We conclude from these arguments then that for both clectron
donating and electron accepting substitucnts there will be charge
transfer to the chromium atom but that it will be greater for

the electron donating substituent (m = =2,0), It is apparent
from table 2 that the above argumcnts are in fact equally if not
more valid for the case n = 1,80 than for n = 1.00.

The above conclusions based on the molecular orbital theory
of these complexes supnorts a morec naive chemical approach which
considers the complex to be equivalent to a conjugated system.
The transmission of electronic effects through such systems
containing both 77 orbitals and central metal orbitals is then

seen to bc similar to those observed in simple conjugated moleocules,

Cempardacn. yilh Sxparimenk

In a complex containing carbonyl groups as simple ligands
any negative charge accumulated on the central mctal atom will
be dispersed in accordance with the Pauling elcctroneutrality
principle by backedonation to thc carbonyl groups., This donation

N T TR AR T e S T AT o e e T
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will lead to an inerease in the metal « carbon bond order and

to a lowering of the carbon ~ oxygen bond order and hence to a
decrease in the carbonyl stretching frequencies. Accordingly,

the earbonyl frequencies of a numbcr of substituted complexes,

T ~X-CgHsCr(C0)y, were measured in solution and compared with
those of the unsubstituted complex and of chromium hexacarbonyl
itself. The measuremecnts were made on solutions in cyclohcxane,
chloroform, carbon tetrachloride and dichloroethane. The bands
were in general quite sharp but 2 splitting of the lower frequency
was often observed for the substituted compounds; this is pree-
sumably due to the lifting cf the degeaeracy in the trigonal

(00)3 group in the presence of a subsiituent (sec Figure 1).

Where comparison is available, tlie re:calts agree well with those-
of Fischer3; the maximum differe: ze 1: 2 cn‘l and this is probably

the limit of accuracy of the measurements., The results are given

in Table 3.

Solvent Cr(CO)g ClCeHs  (CgHg)Cr(CO)3 IMHpCEH Nde,
-Cr(co)3 ~Cr(C0), ~Cr(C0);
1967 1992 198} 1974 %9
:C 1930 1916 1902
a2 19% e 1%
oc), ! {% 5 1913 1695
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1t is immediately obvious that, independent of the solvent
and of the type of band, the Ce0 frequencies, ¥ (C « 0), lie in
the sequence:-

peCl ) 4 Y p-~N, ) p = Ndeye

vhich is in agreement with the above theorctical predictions; that
1s, the greater the elcctron-donating power of the substituent, the
greater the charge transfer to the chromium atom and hence the lower
the carbonyl frequency. Attention has already been drawn by Fiaeher3
to the correlation between the carbonyl stretching frequency and
the dipole moment of a complexsg this correlation provides further
support for the theory.

Solxsnk Effegls

In a recent paper, Nyholm et al? irew attention to the effect
of solvents upon the carbonyl stret:zhing frequencies of both simple
and substituted metal carbonyls. It was founc, for exanple, that
in complexes of the type MD(CO)\, wiere ) is Oephenylencbisdie
methylarsine, the carbonyl frequency is f'ar more scnsitive to the
polarity of the solvent than in the simple carbonyls., The effect
was considered as being most probably due to a dipole=dipole type
of interaction so that increasing back-donation to a carbonyl group
will inerease the solvent effect. We have used the same criteriom
to corroborate the charge effeets in the complexes considered above
as shown in Table 3,

The frequency shifts of the different carbonyl bands as




between cyclohexane and the other solvents is given in Figure 2
for the above scries of substituents. J.lthough the differences

betwcen these shifts are sometimcs: within expcrimental error

the same trend is observed for all frequencics and fully supports

the conclusions based upon thc absolute positions of thc frequencies.
It is interesting that the solvent effect is greater for the degen-
erate mode than the totally symmetric,

It follows then that the solvent effect is a useful mcasure
of the charge distribution in thesc complcxes and provides fufther
support for the thcoretical predictions., Direct comparison with the
mctal carbonyl is not strictly valid but it is noteworthy that for
all the complexes the solvent effecct is greater than that for the
simple carbonyl.

The above results 2lso lcnd suppert to a theory of solvent
effcets proposed by PullinlC, .ccorcding to this theory the frequen=

clies v, and Vg of two vibrational modcs of a molccule in a series

r
of non=polar solver ¢s should be lincarly relazfd since 11l cone

tributions to thom arc assumed proportional toAaolvent function,

This latter is closcly related to thc term 3‘5;5}1 'ls
a

derived for 1 model of solute=-solvcent intcractions in which the

solute moleculc 1s considered as =2 goint dipolc 2t the ccntre of a i
svulkve nh ¢ \

spherical cavity of radius 2 in 3,diclectric constant €  The

plot of Y (43) against Y (E) in Figurc 3 for the unsubstituted

complex supports the above argumcnt; the cffcet of increasing
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- polerity of solvent does not apparently lead to much errof in

this oxse, Similar linearity is observed for the substituted
complexes,
Rsaasisanial

The srene chronium tricarbonyl complexes were prepared
according to the method of l'icholls and whitins.ll It was found
that eareful deoxygenation of solvents 1nd the use of rcaction
temperatures below 130°C greatly reduced the decomposition of the
gomplex dﬁring renction, Thc compounds werc purified sither by
sublimation or recrystallization from dry ether. Melting points

'agreed with those of the above authors sae for the dimethylaniline

camplex (138+139° compared to 145-14€°), Cyclohexane was distilled
through 12' column under nitrogen and thc remaining solvents were
purified by standard methods.lz Thc infra-red spcotra wcre mcasured
on a2 Perkine-Elmcr 21 instrumcnt using lithium fluoride optics;
dilute solutions (10"‘3 - 10'“H) were omploycd,

Thc N « H strctohing frequencies of solutions of aniline,
aniline chromium tricarbonyl and petoluidine chromium tricarboayl
in earbon tetrachloride solution werc measured. 4 concentration
of 0,002 M was employed so a; to prcclude any difficultics arising
from intermolecular Hedbonding. Lithium fluoride optics were used




and calibration was made by means of 2 polystyrene film and water
vapour covering the region from 2.51 to 3.éu. The results are
compared with those for the unsubstitutcd compounds obtained by
Califano and Mocciald in Tablc 4

Iablc Y
.=l frequencies of nine Complexes An an™~
Compound Present Work Califano and Woccis
Aniline 3479 3478
3396 3395 _
aniline Cr(CO)3 3478 -
3393 -
p=Toluidine - 3469
- 3388
p=Toluidinc Cr(CO)3 W72 | -
3390 -

It follows from these results that the formation of the
~complcx xc6H5----cr(00)3 has little effect upon the N e H
stretehing frequencics of thc substituent X. This rcsult is in
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contrast to the bchaviour of pesubstituted aniline‘h in which it

is found that both N « H frequencies arc a direct function of the
elcetronic character of the p-substituent as evidenced by its
Hammett @ value. Obviously the formation of a 7¥ complex of

thc above type means that 2 direct correlation betwecn the electron
density at the Nitrogen atom and the N.- H frequency no longer
holds. The reason for this fact is not clear; it may arise from

a slight change of hybridization at the N atom on complexing.

That @& reduction in density docs occur secms well proven from the

prccecding discussion so that the above results are anomalous.
pKa.yalues of .inilipe Complexes

Attcmpts were made to determine the pKa values of thc aniline
and dimcthylaniline chromium tricarbonyl complexes in 50% aqucous
ethanol as suitablc solvent. Initial determinations employing
the potentiomctric titration wcre abandoned in vicw of intermolece
ular hydrogen bonding which occurrcd a2t the concentrations employed
in this mcthod., Thc spectrophotomctric method was found mors
suitablc except that for the above complcxes rapid decomposition
ocourred in acid solution, If it assumed, however, that the
initial rcaction is that of protonation and thc subsequent reaction

that of dccorposition then by constructing tangents to the ocurve
of optical density (at 3150% and 31753 rcspcetively) against time,

S e o e ¢ o 255 Ry TP 3 2R s e B
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it is possidle to obtain a value of the indicator ratiose

Compound Mean pKa -
aniline o 'h.lg.-
in111ne-Cr(C0), | 1.15 -

-_-—;;netnylanizine o1k -
Tinethylannme-;r(CO)3 B 1.77

.

Somec caution is required in interpreting the above data since
the above decomposition reaction is only just being studied., However,
if the above assumptions are correct then the pKa values so obtained
are in both cases considerably lower than thosc for the free aminc,
In other works case of addition of a proton to the nitrogen atom
is reduced, that is, thc clcctron donsity at thc nitrogen atom is
considerably lower in the complex than in the free amine, This is
again 1n.accord with the theorctical predictions,
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